Imaging studies have revealed brain abnormalities in the regions involved in functions impaired in ASD (social relations, verbal and nonverbal communication, and adaptive behavior). We performed a VBM whole-brain analysis to assess the areas involved in autistic children with DD.
T
he ASD are currently seen as genetic neurodevelopmental disorders, though their underlying biologic causes remain to be established. The general behavioral phenotype defined as ASD includes diverse endophenotypes sharing 3 core features: impaired social interaction; verbal and nonverbal communication anomalies; and restricted patterns of behavior, stereotyped patterns of behavior, or both. Furthermore, frequent comorbidities (eg, epilepsy, mental retardation, and psychiatric disorders) make it difficult to isolate the neuropathologic picture of autism. 1 In patients with ASD, conventional and advanced imaging studies, such as VBM, demonstrated abnormalities in frontal lobe, temporal and parietal cortices, language areas, amygdala, caudate nucleus, and cerebellum, even though some findings were controversial. 1 Furthermore, most studies were carried out in high-functioning patients or patients with Asperger syndrome. However, most of the autistic population is intellectually impaired, and Ϸ80% of autistic children are LF, ie, they have an IQ Ͻ70.
2 Despite this prevalence of LF children with ASD, these patients are rarely investigated, [3] [4] [5] probably because of the difficulties in cooperating for neuroradiologic investigations.
The aim of our study was to investigate LF children with ASD younger than age 10 with VBM, which is an unbiased, operator-independent method for detecting statistically significant differences between groups. 6 
Materials and Methods

Subjects
From 93 children with ASD, referred to our Developmental Neurology Unit from January 2006 to August 2008, a group of 21 LF children with idiopathic ASD without associated seizures or other neurologic diseases was selected. Patients with known infectious, metabolic, or genetic diseases, and chromosomal abnormalities were excluded. Children with disintegrative disorder also were excluded. In addition, we excluded patients in whom conventional MR imaging demonstrated structural abnormalities. Four patients were excluded because of motion artifacts.
Of the 21 patients (8 females and 13 males; age range, 3 years and 2 months-10 years and 10 months; mean, 6 years and 6 months; SD, 2 years and 5 months), 12 had a diagnosis of autism, and 9 of Pervasive Developmental Disorder-Not Otherwise Specified. In all cases, the diagnosis was established according to the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition diagnostic criteria and confirmed by semistructured assessment by using Autism Diagnostic Observation Schedule-Generic and by interviewing the parents by using Autism Diagnostic Interview-Revised.
The cognitive functioning was assessed by using the Wechsler Intelligence Scale according to their respective age, the Leiter International Performance Scale Revised for nonverbal children, and the Griffiths Mental Developmental Scale for those with chronologic or mental age Ͻ4 years. The IQ ranged from 32 to 66 (mean, 52.5 Ϯ 9.8).
The control group consisted of 21 normally developing children (8 females and 13 males; age range, 3 years and 9 months-10 years and 3 months; mean, 6 years and 10 months; SD, 2 years and 1 month), with normal IQ, no signs of autistic behavior or other psychiatric or neurologic disorders, or family history of neurologic or psychiatric illness among their first-degree relatives. The study was approved by our local ethics committee, and all examinations were performed with the written informed consent of the patients' parents.
MR Imaging Acquisition
All the autistic patients were examined under propofol sedation (1 mg/kg). The controls Ͻ6 years old also were examined under propofol sedation. They were recruited among inpatients with suspected spinal cord abnormalities and were included in the study if the brain and spine examination was normal. The controls Ͼ6 years old were examined without sedation; they were recruited among the children of the medical and technical staff involved in the study. Volumetric T1-weighted images were acquired on a 1.5T MR imaging system (Siemens, Erlangen, Germany) by using a magnetization-prepared gradient-echo sequence (TR ϭ 1640 ms, TE ϭ 2.48 ms, TI ϭ 552 ms, FOV ϭ 256 ϫ 256 mm, matrix ϭ 256 ϫ 256, 160 sagittal sections, voxel size ϭ 1 ϫ 1 ϫ 1 mm).
Structural imaging included axial proton-density/T2-weighted images (TR ϭ 3500 ms, TE ϭ 17 ms/84 ms, FOV ϭ 208 ϫ 256 mm, matrix ϭ 208 ϫ 256, section thickness ϭ 5 mm) and coronal turbo spin-echo T2-weighted images (TR ϭ 4100 ms, TE ϭ 143 ms, FOV ϭ 324 ϫ 384 mm, matrix ϭ 324 ϫ 384, section thickness ϭ 5 mm). Structural imaging was assessed by a senior neuroradiologist for the presence or absence of supratentorial and infratentorial abnormalities and signal intensity changes, based on visual inspection. The MR imaging obtained for the controls was similarly reviewed.
VBM Analysis
Images were processed according to the optimized VBM method implemented in SPM5 (http://www.fil.ion.ucl.ac.uk/spm/software/ spm5/) as described previously. 7 Original T1 images were first normalized to a pediatric (5-9.5 years) brain template (Cincinnati Children's Hospital Medical Center: CCHMC2_y; available at https:// irc.cchmc.org) by using a 12-parameter linear affine transformation and a nonlinear transformation through 7 ϫ 8 ϫ 7 nonlinear basis functions and then segmented into GM, WM, and CSF partitions. A custom template was then obtained as suggested by Good et al, 7 normalizing, segmenting, smoothing, and averaging the images of the 42 subjects of our study to account for potential differences between our MR scanner and the scanner used to obtain the pediatric template and to account for differences between our sample and the sample used for the template. The original, native T1 images were then normalized and segmented again by using the new template and priors. To preserve the amount of a particular tissue (GM) within a voxel, a further modulation step was incorporated. Finally, the images were smoothed with a Gaussian kernel filter of 8 ϫ 8 ϫ 8 mm full width half maximum to have data more normally distributed and to compensate for inexact spatial normalization.
Differences in GM and WM were assessed statistically using the general linear model based on the Gaussian field theory. An analysis of covariance, with total intracranial volume, age, IQ, and sex as covariates, was used. The significance levels were set at P Ͻ .05 corrected for multiple comparisons by using the FDR.
Localization of areas of significant tissue loss was determined by superimposing the regions of significant atrophy on the averaged T1-weighted image used to create the template. Regions of interest were reported in Montreal Neurologic Institute coordinates.
Total Volumes Analysis
The intracranial volumes were estimated by integrating the voxel values across the modulated (unsmoothed) GM, WM, and CSF partitions, and results were converted from voxels into milliliters. Group differences in total intracranial volume as well as group differences in total GM, WM, and CSF volumes were assessed by using a 2-tailed t test.
Results
Quantitative Structural MR Imaging
No significant differences were found between cases and controls regarding the total volumes of brain (P ϭ .49), GM (P ϭ .992), WM (P ϭ .227), and CSF (P ϭ .813). These results are summarized in Table 1 .
Regional WM Differences
No regional differences in the WM were observed between the 2 groups.
Regional GM Differences
The autistic patients had a reduced volume of GM in 13 3D clusters (significance threshold, P Ͻ .05, FDR corrected). Basal forebrain, nucleus accumbens, SMA, cerebellum, and perisylvian region (including the insula and putamen) showed a reduced GM bilaterally. In the left hemisphere, a reduction in GM was recorded in the occipital basal cortex; inferior, middle, and superior temporal gyri; IFG; DLPFC; and precuneus. In the right hemisphere, a GM reduction was visible in the postcentral cortex and inferior parietal lobe. These results are shown in Table 2 and Figs 1 and 2.
Discussion
In this study we applied unbiased whole brain VBM to assess neuroanatomic changes in LF autistic children compared with controls paired for age, sex, and social status. The choice of normal IQ for the control group was dictated by the fact that a group of DD children with IQ matching with that of the patients would probably be a heterogeneous sample of various pathologies that would create even greater difficulties in the comparison. Several VBM investigations in the autistic population have been reported in the literature. These studies demonstrated a volume loss in cortical and subcortical areas as well as in the cerebellum. The affected areas were the IFG, 8, 9 insula, 9 cerebellum, 5,10 precuneus, 11 and basal ganglia. 11, 12 These areas also have been found affected in our study. Higher than normal density, not observed by us, has been reported in inferior frontal cortex 10, 13 and cerebellum. 3, 8, 14 Other investigations identified areas of higher or lower GM density that were unaffected in our patients, such as the amygdala, 8 cingulate gyrus, 8, 11 fusiform gyrus, 10,14 and thalamus. 5,12,13 GM reduction in the basal forebrain, which is the most remarkable finding of our study, was not observed previously.
In our series of ASD patients, volume loss was found to affect the basal forebrain, nucleus accumbens, perisylvian regions, and other cortical brain regions functionally connected to the abovementioned areas as well as the putamen and cerebellum.
The basal forebrain comprises a group of structures located in the medial and ventral surface of the frontal lobe. The basal forebrain consists of 3 functionally distinct compartments, 15 ie, the mainly cholinergic corticopetal system, the extended amygdalae, and the ventral striatopallidal system. The cholin- Note:-All labels are derived from the Anatomical Automatic Atlas. The x, y, z coordinates are the Talairach coordinates of the center of each 3D cluster. 43 BAs also are provided.
Fig 1.
Basal forebrain and accumbens nucleus volume differences between groups. GM volume differences between groups, overlaid on T1 images (consecutive coronal sections, rostral to caudal) showing the involvement of accumbens nucleus and basal forebrain. The relative decrease in GM attenuation observed in autistic subjects compared with controls is represented in a red-orange color scale. The statistical threshold is P Ͻ .05 (FDR corrected). L ϭ left; R ϭ right.
Fig 2.
GM volume differences between groups. GM volume differences between groups, overlaid on T1 images. The relative decrease in GM attenuation observed in autistic subjects compared with controls is represented in a red-orange color scale. The statistical threshold is P Ͻ .05 (FDR corrected).
ergic cells are concentrated in the septum, the diagonal band, and the nucleus basalis of Meynert 16 ; their medial component projects to the medial frontal and cingulate cortex, whereas the more lateral subdivisions of this system project to the lateral neocortex, including the orbitoinsular, prefrontal, temporal, parietal, and occipital cortices. 16, 17 Therefore, the term basal forebrain commonly refers to an extended continuum of subcortical neurons providing projections to a variety of neocortical fields and limbic structures implicated in many cognitive functions and social behavior patterns. 18 The basal forebrain activates areas of the cerebral cortex and facilitates learning, by using acetylcholine as a prominent neurotransmitter. Functionally, the cholinergic system has been referred to as an "action system" that helps individuals to develop the ability to focus on the environment and provide a coherent behavioral response. 19 Volume loss in the basal forebrain is consistent with the hypothesis proposed by Perry et al, 20 according to which, in autism, the cholinergic system of the basal forebrain is impaired. In fact, in autistic subjects, they demonstrated a lower level of cholinergic receptors than in normal controls. Cholinergic afferents innervate the cerebral cortex during the early postnatal development, which is the most dynamic period of neuronal differentiation and synapse formation. 21 A disruption of the cholinergic innervation results in a delayed cortical neuronal development and permanent changes in cortical cytoarchitecture and cognitive functions. 21 Involvement of the basal forebrain has been demonstrated by imaging studies in attention, learning, memory, and reward. In an auditory vigilance test, PET showed rCBF changes in the basal forebrain. 22 During classic conditioning tasks with auditory discrimination, PET showed that rCBF of the auditory cortex positively correlated with activity in the basal forebrain, amygdala, and orbitofrontal cortex. 23 These results support the notion that the basal forebrain's cholinergic projection to the cortex is important in modulating the synaptic activity. Furthermore, PET studies suggested an activity in the nucleus of the diagonal band of Broca in episodic memory recall. 24 The basal forebrain and DLPFC were activated in paradigms sensitive to working memory. 25 The extended amygdalae stretch medially and rostrally from the centromedial nuclei of the amygdalae through the substantia innominata into the medial portion of the nucleus accumbens, thus joining the ventral striatopallidal system. In our study, the nucleus accumbens was found to be reduced in volume. This nucleus has a central role in the functional interplay between basal forebrain components, and between the basal forebrain and other brain regions. It receives projections from the hippocampus; basolateral amygdalae; and the prefrontal, insular, and temporal association cortex, 15 and it has efferent connections to the corticopetal cholinergic system, thus modulating the cholinergic output. 15, 16 The nucleus accumbens is therefore involved in memory; it is engaged both in incentive-reward processes and in adaptive responses to conditioned and unconditioned aversive stimuli. A reduced volume of the nucleus accumbens also was reported by Ballmaier et al 26 in children with schizophrenia. In their study, the smaller left nucleus accumbens was associated with linguistic errors and the smaller right nucleus accumbens with difficulties in planning and organized thinking.
A reduced volume of GM was found in the SMA (BA6) and putamen, structures involved in the motor and cognitive circuits. SMA is functionally subdivided in the SMA proper and pre-SMA. Functional imaging studies in humans have shown that the pre-SMA has an important role in supramotor activities. 27 Similarly, the putamen is activated both when a subject is preparing to move and when the movement is performed. Motor symptoms, such as postural abnormalities in the head and trunk, and stereotypical movements are prominent features of autism; they are probably due to involvement of both the fronto-striatal basal ganglia circuits and the cerebellum. 28 A reduced volume of GM was identified bilaterally in the insula and the perisylvian region. The insular cortex works as a relay area for multiple neurocognitive systems and plays a part in many functions related to emotions or regulating the body's homeostasis. This region may therefore be involved in the complex clinical features of autistic disorders. 9 The anterior cortical perisylvian areas are important for speech and language functions.
Our patients showed GM reduction in both cerebellar hemispheres. The cholinergic basal forebrain is connected with the cerebellum 29 and the cholinergic cerebellar neurons contribute to mental functions related to cognition, behavior and emotions. In autism, there are numerous reports of volume changes in the cerebellar vermis. Individuals with early infantile autism show fourth ventricle enlargement, loss of Purkinje cells in the lateral and inferior cerebellar cortex, and abnormal or reduced numbers of neurons in the deep cerebellar nuclei. 1 Unilateral involvement was found in different areas of the cerebral hemispheres and was more numerous on the left side.
GM loss was found in the left DLPFC. This area is part of the neuronal network underlying social cognition in the frame of the theory of mind, and executive functions. GM loss in the frontal lobe of autistic children was confirmed by imaging and postmortem studies. 1 Decreased connections between the frontal cortex and regions implicated in social cognition and in the empathic processes were demonstrated by diffusion tensor imaging. 30 Reduced GM was prominent in the left middle temporal gyrus, which is functionally connected to the cholinergic system and nucleus accumbens. 17 The middle temporal cortex and superior temporal gyrus are important for perceiving and decoding other people's gaze, a function deficient in autistic children. An impairment of this region also could contribute to the language difficulties and consequent communication problems of autistic subjects. 31 GM loss in our ASD patients involved the precuneus that is connected with multiple areas of the interhemispheric cortex, convexity, basal ganglia, and thalami. 32 Changes occurring in this pivotal area are consistent with recent claims that autism is a connectivity disorder. 33 The precuneus is activated when we make judgments that demand empathy and when we attribute emotions to ourselves and to other people. 34 A reduction in GM was recorded in the left inferior temporal gyrus and occipito-basal region: there is a growing body of literature suggesting that individuals with autism, pervasive developmental disorder, and Asperger syndrome have abnormalities in perceiving faces and objects. Together with the parahippocampal and lateral occipital gyri, the inferior tem-poral gyrus seems to be involved in common object perception. In autistic subjects, Schultz et al 35 found fMRI abnormalities in the inferior temporal and fusiform gyri in face discrimination tasks.
Involvement of the left IFG deserves a specific comment. This region, the inferior parietal lobe and BA1, 2, 3 are part of the mirror neuron system implicated in understanding other people's actions, intentions, and emotions. 36 In autistic patients, a limited activation of the area containing the mirror neurons was demonstrated by fMRI. 37 In our study, these 2 last areas, inferior parietal lobe and BA1, 2, 3 were found affected only on the right side.
In contrast with the studies collected by Radua et al, 38 in agreement with other studies, 9,10,13 we did not find any volume abnormalities in the WM. These different results can be attributed to the heterogeneity of the disorder and the different age of the population studied. Diffusion tensor imaging studies might be more sensitive to WM abnormalities.
Bilateral GM reduction could be consistent with more prominent behavioral abnormalities than unilateral GM involvement, as already shown in bilateral versus unilateral focal brain lesions. 39 However, only a clinical correlation could confirm this hypothesis.
Abnormalities in the basal forebrain were reported in other syndromes with DD, such as Down syndrome, 40 Rett syndrome, 41 and fragile X syndrome, 42 but not in children with idiopathic DD. 42 The autistic phenotype we examined cannot be merely summarized in the term autistic behavior plus intellectual disability, because it comprises a syndromic constellation of symptoms, in which there are both signs of autism and of cognitive malfunctioning. Involvement of the basal forebrain, however, might be an indicator of DD rather than autism itself.
The limitations of our study are the small sample size and the lack of a control group with idiopathic DD. The analysis of such a group could answer the question whether basal forebrain involvement is related to the mental retardation rather than autism itself.
Conclusions
The main finding of this study was the volume reduction in the basal forebrain, an area not previously found affected in VBM studies of autistic children. This area and its extensive, multiple cortical connections that also present volume reduction, are involved in social, communicative, and cognitive behavior. The basal forebrain involvement might be related to DD, which was always present in our autistic children.
